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ABSTRACT

Based on hydrometeorological data and land-use data (from 1980 to 2015), the effects of water balance on landscape patterns

in the upper reaches of the Yangtze River were studied using water balance analysis, the landscape index method, and other

methods. Eight appropriate landscape indices (NP, COHESION, LPI, AI, SHDI, CONTAG, SPLIT, and LS) were selected to explore

the spatial and temporal characteristics of landscape patterns. From 1980 to 2015, the precipitation in the study area decreased

by 6.97%, and the annual precipitation of farmland was maintained at about 1,050 mm. The evapotranspiration (ET) had little

change in general, but it varies greatly under different land-use types. Soil water storage variables showed a downward

trend, and soil water storage variables of various land-use types changed dramatically during the study period. The total

number of patches increased and the patch shape became more complex. At the level of landscape structure, SHDI and

SPLIT increased, while CONTAG and COHESION decreased, and the degree of patch fragmentation and landscape heterogeneity

improved. Correlation analysis showed that from a time perspective, LSI, SPLIT, and SHDI were significantly negatively correlated

with ET, and CONTAG was significantly positively correlated with ET. There was a significant negative correlation between SPLIT

and soil water (SW), and a significant positive correlation between COHESION and SW. These results indicated that with the

decrease of ET and soil water storage variables, patches became more dispersed and landscape patterns became more frag-

mented. From the perspective of spatial distribution, the increase of SW increased landscape diversity and decreased

landscape connectivity and contagion. The correlation coefficients between SW and the three groups of landscape pattern

indexes (SHDI, CONTAG, and COHESION) were higher than those between ET and the three groups of landscape pattern indexes,

which meant that soil water is more correlated with landscape pattern characteristics, and the effect of soil water change on

landscape heterogeneity is more obvious. The study of the relationship between hydrological processes and landscape pattern

characteristics in this paper enriches and expands the theoretical method system of ecological hydrology and ecological

environmental protection in arid/semi-arid regions in our country.
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HIGHLIGHTS

• We evaluated the changes in hydrological regimes and the temporal and spatial characteristics of landscape patterns in the

upper reaches of the Yangtze River.

• This study has revealed, for the first time, the influence mechanism of evapotranspiration and soil water storage variables on

landscape patterns in the upper reaches of the Yangtze River.
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1. INTRODUCTION

An ecosystem is a foundation for the existence and development of human society, and the continued stability of
its structure and function has become a prerequisite for the development of human society. Deeper research has

been conducted from the natural forest ecosystems in different natural zones to the hydrological effects of soil and
water conservation ecological construction in the semi-arid loess plateau. At the same time, the study of the
impact of changes in hydrological processes on oasis vegetation has also made great progress in recent decades

(Zhou et al., 2011; Chen & Li, 2019; Feng et al., 2020). An ecosystem is very sensitive to the water balance pro-
cess. After decades of exploration, scholars all over the world have recognized that the hydrological processes are
the basic driving mechanisms for the formation, development, and evolution of ecosystems (Li et al., 2011; Ma

et al., 2020). Water cycle and water balance are some of the most important functions and characteristics of eco-
systems (Yang et al., 2006). Hydrological processes can alter the biochemical cycle of an ecosystem and affect the
transport of nutrients between soil and vegetation, thereby altering the productivity and affecting the structure

and function of an ecosystem (Xiao et al., 2003; Liu et al., 2014; Gao, 2020). With the rapid development of
society and economy in China, the intensity of exploitation and utilization of water and soil resources is increas-
ing, and the degradation and atrophy of the ecosystem are extremely serious (Zhang, 2018). As a consequence,
identifying the degree of influence of hydrological elements on changes in the structure and function of the eco-

system has important guiding significance for the restoration and protection of the ecosystem, and it is also the
basis for ensuring ecological health and sustainable development of the river basins.

Studying the dynamic changes in landscape patterns and their response to hydrological processes is a research

hotspot in the field of water resources management and terrestrial ecological environment in river basins (Lou,
2015; Pan et al., 2019; Wu et al., 2020). To understand the landscape pattern itself and its interaction with eco-
logical processes, it is crucial to understand how spatial heterogeneity changes continuously in the landscape.

Among the influencing factors of landscape patterns, the shorter time scale, such as the ecological environment
change within the 100-year scale, and the climatic conditions and their changes are the decisive factors. Global
precipitation evapotranspiration (ET) and soil water storage variables are important climatic factors affecting veg-

etation dynamics (Li et al., 2019). Changes in regional hydrological factors such as precipitation, ET, and soil
water storage variables will directly or indirectly lead to changes in land use and vegetation coverage, which
will lead to changes in landscape patterns at different scales (Wang et al., 2005; Liu et al., 2018). Previous studies
have shown that precipitation determines vegetation coverage and biomass. At the landscape pattern scale, the

redistribution of precipitation between different landscapes or the spatiotemporal distribution patterns of water
is the main factor affecting vegetation patterns and community structure (Wang, 2017). Soil moisture is a key
factor that links the influence of the atmosphere, soil, and vegetation on the water cycle process with the influ-

ence of the water cycle on the vegetation pattern. It controls the spatiotemporal distribution patterns of
vegetation by adjusting the interaction of the atmosphere–soil–vegetation system (Lou, 2015). Landscape pattern
characteristics and changes have important effects on ecosystem functions and processes, which are the most

interesting questions for ecologists to study ecosystem functions and processes at different scales (Cook, 2002;
Chen et al., 2013a, 2013b; Ramalho et al., 2014). At present, the research methods of landscape patterns
mainly include the landscape index method, landscape ecology model, and spatial statistics method (Yu et al.,
2011). The landscape index method can be used to quantitatively analyze the regional landscape pattern

change on a larger scale, reflect the response of landscape patterns to the change of hydrological factors to a
certain extent, explore the ways to improve landscape patterns, and promote sustainable development of
ecosystems (Yan et al., 2005; Xu et al., 2020).
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As a major ecological barrier in China, the UYRB has an important ecological strategic position in the Yangtze
River Basin and the whole country because of its complex and diverse ecological system, rich biodiversity, and
special natural environment (Wu et al., 2010). In recent decades, the development of the regional economy

and the formulation of macroeconomic policies have driven changes in the land-use structure in the UYRB
(Wu et al., 2008). Meanwhile, it has also caused a series of ecological and environmental problems, such as
serious soil erosion, frequent natural disasters, reduced biodiversity, and decreased land quality (Pan et al.,
2004). Ren et al. (2013) found that the ecosystem degradation in the UYRB was in a serious state, on the

whole, especially the threat of ecological degradation of forest, grassland, and farmland systems. At the same
time, the environmental protection measures in the UYRB have made some progress. The implementation of
many ecological projects, such as the Natural Forest Resources Protection Project, the Yangtze River Protective

Forest Project, and the Project of Returning Farmland to Forests, had effectively improved the ecological environ-
ment (Ma et al., 2012). The research on the water balance process and the spatial distribution of landscape
patterns in this region are conducive to the rational development and utilization of water and soil resources,

and the simultaneous economic development and ecological protection under the premise of environmental pro-
tection. However, as an important indicator reflecting landscape patterns, there are few studies on the
relationship between the landscape index and the hydrological process, and current studies focus more on the

impact of different land-cover types on water balance, while there are few studies on the impact of water balance
on landscape patterns. Therefore, this paper takes the UYRB as the research area to explore the impact of water
balance on landscape patterns, in order to analyze and understand the characteristics of landscape
pattern changes from a new perspective, and to provide a scientific basis for local water resources management

and land-use planning. The objectives of this research are: (1) to extract the landscape spatial pattern indices
based on the land-use data; (2) to obtain the hydrological elements of different land-use types during 1980–
2015; and (3) to analyze the influence of the water balance process on the spatiotemporal distribution of land-

scape patterns.
2. MATERIALS AND METHODS

2.1. Study area and data sources

2.1.1. Study area

The UYRB is the section from Geradandong, Qinghai-Tibet Plateau to Yichang, Hubei Province (90–105°E,
25–36°N), with a total length of 4,500 km and a total area of about 1 million km2 (Figure 1). The topography

and altitude of the study area vary greatly. The altitude rises from 265 to 6,492 m from east to west, among
which the areas above 4,000, 3,000–4,000, and below 1,000 m account for 31, 12, and 25%, respectively. The
study area spans three climate zones, namely the plateau climate zone, the northern subtropical zone, and the

mid-subtropical zone (Chen et al., 2013a, 2013b). Among them, the Qinghai-Tibet Plateau has an average altitude
of 4,000 m and a dry and thin atmosphere, with an average annual temperature of 8–10 °C. The average annual
temperature of most areas in the lower reaches of the plateau is 16–18 °C (Wang et al., 2016). Affected by the
warm and humid ocean current and the subtropical high pressure in the western Pacific, the distribution of pre-

cipitation decreases from east to west and from south to north. The annual precipitation in the region is 800–
1,200 mm, which is characterized by uneven spatiotemporal distribution (Ye et al., 2014). The UYRB has rich
water resources, and the river runoff accounts for 40% of the whole Yangtze River and 15% of the whole country.

Due to the variety of terrain and landform and the climate changes, the vegetation types are also quite different
(Chen et al., 2017).



Fig. 1 | Location of the study area.
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2.1.2. Data sources

DEM Data. The DEM (Digital Elevation Model) data were downloaded from the Resource and Environmental

Data Cloud Platform (RESDC) (http://www.resdc.cn/) with a spatial resolution of 1 km.
Land-use/-cover data. Seven periods of national land-use data in 1980, 1990, 1995, 2000, 2005, 2010, and 2015

were chosen from the Data Center for Resources and Environmental Sciences of the Chinese Academy of
Sciences (http://www.resdc.cn/). These data took Landsat TM/ETM remote sensing images as the main data

source with a spatial resolution of 1 km. Combined with the classification of China’s terrestrial ecosystem by
Xie et al. (2008) in 2015 and the actual situation in the UYRB, seven land-use types, namely farmland, forest,
grassland, lake/river, construction land, wetland, and desert were mainly counted, and the swamp was included

in the scope of wetland.
Meteorological data. The precipitation data and the temperature data during 1980–2015 were obtained from the

0.5°�0.5° raster meteorological data set provided by the China Meteorological Data Network (http://data.cma.

cn/), which were resampled to a spatial resolution of 1 km to match with land-use data by ArcGIS.

2.2. Methods

2.2.1. Water balance analysis

During the hydrological cycle of a particular region, the water budget is determined by a balance between incom-
ing and outgoing water, and the water storage capacity is determined by the surface profile and underlying surface

conditions of the landscape (Li et al., 2008). Precipitation and ET are the most important factors affecting water
balance, so they must be seriously considered in the study of the water balance process.

http://www.resdc.cn/)
http://www.resdc.cn/)
http://www.resdc.cn/
http://www.resdc.cn/
http://data.cma.cn/
http://data.cma.cn/
http://data.cma.cn/
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(1) Precipitation

The monthly raster data of 5 km� 5 km were obtained through projection transformation, clipping, resam-

pling, and summation of daily data.

(2) Evapotranspiration

There are many methods and empirical models for estimating evaporation, but the monthly land-surface evap-
oration empirical model proposed by Koichiro Takahashi is widely used at present, which has been well verified

in the calculation of surface evaporation in some areas (Koichiro, 1979). The formula for this model is as follows:

PEm ¼ 3100p

3100þ 1:8p2 exp � 34:4t
235þtð Þ (1)

where p refers to the monthly precipitation (mm); t refers to the monthly mean temperature (°C); PEm refers to the

monthly land-surface evaporation (mm). This formula physically considers the most important factors affecting
evaporation (temperature and precipitation), and is based on actual observation data, so the calculated results
were more consistent with the actual (Jiang et al., 2012; Lei et al., 2012; Li et al., 2021).

(3) Soil water storage variables

The soil water storage variable of the watershed is the annual precipitation minus the annual surface evapor-
ation, which is represented by soil water deficit. Surface runoff caused by topographical factors is also taken into
account. The runoff coefficient is used to calculate the annual effective precipitation, which is replaced by the

annual effective precipitation (the difference between annual precipitation and surface runoff) (Zhang, 2019).
According to the USDA-SCS method and the empirical value method, the corresponding relationship of the
runoff coefficients of different slopes of 0–5° is 0; 5–10° is 0.04; 10–15° is 0.12; 15–20° is 0.2; 20–25° is 0.27;

and greater than 25° is 0.35 (Zhang et al., 2010). The calculation formula is as follows:

SD ¼ P(1� a)� PE (2)

where SD is the soil water deficit (mm); P is the annual precipitation (mm), which is accumulated by monthly
precipitation; PE is the annual land-surface evaporation (mm), which is accumulated by monthly land-surface
evaporation; and α is runoff coefficient.

2.2.2. Calculation of the landscape pattern index

The landscape index is a simple quantitative index reflecting the spatial configuration characteristics of landscape
structure composition, which can meet the requirements of quantifying the causes of landscape spatial heterogen-
eity and its ecological implications (Yan et al., 2001). The landscape index can also realize the comparison of

different landscape patterns in the same period, the comparison of the same landscape patterns in different
periods, and the comparison of different landscapes in different periods to study the temporal and spatial charac-
teristics of landscape patterns and eco-hydrology more comprehensively and scientifically (Blackburn et al.,
2020). This research studies the changing characteristics of the regional landscape patterns from two levels:

The first is the landscape patterns characteristic index reflecting the change characteristics of each landscape
type at the level of category index. This kind of index can analyze the change of each landscape type in different
ways. The other index is the landscape diversity index reflecting the overall landscape change characteristics at

the landscape index level. This kind of index can understand the intensity and direction of human activities in the
area (Liu, 2017).
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At the level of category indicators, the Number of Patch (NP), the Largest Patch Index (LPI), the Connectivity
Index (COHESION), and the Aggregation Index (AI) were selected. At the level of landscape indicators, the LPI,
the Landscape Shape Index (LSI), the Separation Index (Split), the Contagion Index (CONTAG), and the Shan-

non Diversity Index (SHDI) were selected (Zhao et al., 2019a, 2019b; Xiong et al., 2020). In this paper, GIS
technology and landscape pattern analysis software Fragstats4.2 were used to calculate each landscape pattern
index. The ecological significance of each landscape index is shown in Table 1.
2.2.3. Correlation analysis

The correlation coefficient R is used to calculate the fitting degree of the two variables. The calculation formula is
as follows:

R ¼
n
Pn
i¼1

(Xi � Yi)�
Pn
i¼1

Xi �
Pn
i¼1

Yiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
Pn
i¼1

Y2
i �

Pn
i¼1

Yi

� �2
s

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
Pn
i¼1

Xi�
Pn
i¼1

Xi

� �2
s (3)

The F-test method is used to test the significance level of α¼ 0.05 for the results of the correlation analysis. The
formula is as follows:

F ¼ (n� 2)

Pn
i¼1

(X^
i �X)

2

Pn
i¼1

(Xi �X^
i )

2
(4)

where R is the correlation coefficient with a value range of �1�R�þ1; Xi and Yi represent variables of i year,
respectively; n is the number of years; F is the value from the F-test, and P is the standard to judge whether the
F-test is significant. When R is positive, it means that the two variables are positively correlated; otherwise, they

are negatively correlated. The larger |R| is, the closer the correlation between the variables is. According to the
relevant literature (Jiang et al., 2017; Li et al., 2018), the statistical value of F can be divided into extremely
significant (P, 0.01), significant (0.01,P, 0.05), and insignificant (P. 0.05).
Table 1 | Selected landscape metrics and their explanations.

Metric Explanation Formula

NP The number of plaques of each type The class metrics level

COHESION The aggregation degree of various landscape types and their spatial
distribution characteristics

The class metrics level

LPI The proportion of the largest patch area to the total area of the
landscape

The class metrics level, the landscape
metrics level

AI The spatial distribution of various landscape types The class metrics level

SHDI The degree of land use The landscape metrics level

CONTAG The spatial information about the landscape type The landscape metrics level

SPLIT The degree of patch separation, a larger value indicates a more
diffuse distribution of the type

The landscape metrics level

LSI The complexity of all patch boundaries The landscape metrics level
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3. RESULTS

3.1. Spatial distribution of landscape pattern indices

3.1.1. Status and changes of land use

From 1980 to 2015, farmland, forest, and grassland occupied a dominant position in the study area. Due to the

development of soil and water conservation and ecological engineering in the Yangtze River, as well as the rapid
urban expansion brought about by the economic development of the study area, some farmland and desert had
been replaced by construction land, forest, and grassland. The land-use structure had been adjusted to different

degrees. Farmland was mainly converted to forest, grassland, and construction land, and desert was mainly con-
verted to grassland. With this trend, the proportion of farmland and desert in the study area decreased by 2.59 and
3.08%, the forest area decreased by 0.13%, and the wetland area decreased by 2.04%. Construction land was the
land-use type with the highest increase, with the area increasing from 3,840 km2 in 1980 to 8,880 km2 in 2015,

with a growth rate of 131%. The area of lakes/rivers increased from 5,956 to 7,070 km2, with a growth rate of
18.7% (Figure 2; bold values in Table 2). Since the 1980s, the social and economic level of the UYRB has
been significantly improved. Human-intensive development activities have resulted in the reduction and degra-

dation of a large number of high-quality farmland, and the urbanization process has replaced a large amount
of farmland and cultivated land with construction land, resulting in a fundamental change in land-use types.
In response to the deteriorating ecological environment caused by blind development, the government has

implemented a series of ecological projects since the 1980s, such as the Yangtze River shelter-forest system
and the ‘returning farmland to forest and grassland’ on some steep slopes. Due to the construction of water sto-
rage facilities and the seasonal changes of glaciers and snow cover, the areas of lake/river area growth were

mainly concentrated in the source of the Yangtze River, the Sichuan Basin, and the banks of the Yangtze
River mainstream. The large-scale reclamation of arable land and economic construction in the UYRB had an
extraordinarily obvious impact on the overall change of landscape patterns.
3.1.2. Characteristics of landscape heterogeneity change

ArcGIS software was used to convert the land-use data into raster data, which was imported into Fragstats4.2 to
calculate the landscape indices under different land-use scenarios.
It could be seen from Figure 3 that farmland, forest, and grassland had the largest NPs, accounting for 28.65,

22.27, and 25.29% of the total patch number, respectively, indicating that these landscape types had a dominant
position in the entire study area. This is because the economic development of the UYRB is relatively backward,
with fewer human activities and high vegetation coverage in most areas. From 1980 to 2015, the NPs in different

landscape types changed to different degrees. The NP of farmland changed little from 1980 to 1995 and increased
from 2000 to 2015. The NP of grassland gradually decreased from 1990 to 2000, and then changed slowly. The
NP of construction land illustrated a gradual upward trend, especially from 3,119 to 4,070 in 2010–2015, with a

growth rate of 30.49%. During 2000–2015, the NP of various landscape types increased, indicating that with the
continuous and rapid economic development and the influence of population factors, the extent of human devel-
opment and disturbance to various landscape types in the UYRB had been strengthened, resulting in a gradual
increase in landscape fragmentation.

The LPI refers to the percentage of the largest patch area in the landscape area, and it is a measure of the degree
of dominance at the patch level (Rong, 2007). Large patches can accommodate more species, which is of great
significance in landscape ecology. The LPI of various landscapes is in order of grassland, farmland, forest,

desert, lake/river, construction land, and wetland. The UYRB had widespread areas of interlinked grassland
and farmland, forming large patches, which were conducive to the storage of materials and energy. The LPI of



Fig. 2 | Land-use distribution in the UYRB.
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lake/river, construction land, and wetland was small, and patches were relatively dispersed, which was conducive

to the diffusion and transfer of materials and the flow of energy. According to the LPI (Figure 3), the LPI of farm-
land decreased gradually, purporting that farmland patches became more fragmented, and the LPI of
construction land increased from 0.01 in 1980 to 0.05 in 2015, with an obvious increasing trend.

The degree of natural connectivity of patches can be expressed by the COHESION. The higher the value, the
better the connectivity of landscape patches. The COHESION of farmland, forest, grassland, and desert was



Table 2 | Area and change of various land-use types in the UYRB.

LUCC

Area (km2)

1980 1990 1995 2000 2005 2010 2015

Farmland 218,618 217,969 217,496 217,448 216,112 215,126 212,953

Forest 336,009 335,999 336,684 335,251 335,658 336,030 335,562

Grass 352,629 354,639 354,210 354,933 355,085 354,894 354,502

Lake/River 5,956 6,123 6,105 6,260 6,402 6,576 7,070

Construction land 3,840 4,155 4,547 4,986 5,713 6,325 8,880

Wetland 11,124 11,117 11,018 10,994 10,957 10,930 10,897

Desert 54,761 52,933 52,875 53,063 53,008 53,054 53,072

Bold values show the increase in Lake/River and Construction Land use.

Fig. 3 | Landscape indices of the class metrics level.
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higher than that of other types (Figure 3), indicating that these landscape types had relatively high connectivity,
while that of lake/river, construction land, and wetland was relatively low, at less than 80%. The COHESION of
construction land and lake/river increased from 41.35 in 1980 to 69.59 in 2015, while that of lake/river increased

from 57.55 in 1980 to 61.20 in 2015, and the connectivity of the two was enhanced.
The AI is an index describing the degree of aggregation of landscape patches. When its value is close to 100, it

means that the landscape patches are aggregated into one patch; when its value is 0, it means that the landscape

patches are the most scattered (Xing et al., 2021). Comparatively speaking, the AI of farmland, forest, grassland,
and desert was higher, indicating that these landscape types had a higher degree of aggregation and a
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concentrated spatial distribution. The AI of lake/river construction land and wetland was relatively low; these
landscape types had a relatively low degree of aggregation and a dispersed spatial distribution. Further analysis
of the changing process of AI patch spatial pattern (Figure 3) showed that construction land had undergone major

changes. The AI of construction land almost doubled from 16.48 in 1980 to 31.96 in 2015. This was mainly
because the rapid economic development since the reform and opening up had led to an increase in demand
for construction land, which had made construction land more regular. The AI of lakes/rivers also experienced
a certain increase, and the aggregation degree in spatial distribution was improved. The aggregation degree of

patches of other land-use types in this region did not change significantly.

3.1.3. Characteristics of landscape structure change

At the level of landscape indicators, the SHDI increased from 1980 to 2015, while the CONTAG and the COHE-
SION continuously decreased (Table 3). The SPLIT gradually increased from 10.30 in 1980 to 10.55 in 2015,

which also indicated that the degree of landscape heterogeneity was increasing and the landscape was broken.
From the changes of three key landscape indicators, LPI, LSI, and COHESION, it could be seen that the first
15 years of the study period were the most obvious period of the landscape pattern change. In 1995, the

SHDI was 1.33, the landscape was dominated by a certain type. In 2015, the maximum value of SHDI was
1.35, the share of dominant landscape types had increased, and the control effect of a single component on
the landscape had been weakened. The land-cover landscape types in this region were developing toward diver-

sification and equilibrium. The decrease in the CONTAG and the COHESION also confirmed the trend of
decreasing connectivity of dominant patch types and increasing degree of fragmentation of patches. The
reason was that the ecological protection and management projects had been carried out, the ecological environ-
ment had been gradually restored, and the connection value of the same patches had increased in the UYRB.

Grassland became the main land-use type in 2015 (Table 2). From 2000 to 2015, the larger patches were divided
into many smaller patches, and the shape changes were complex and varied. The LSI presented a trend of first
decreasing and then increasing. Before 2000, the study area had an extensive area of farmland and forest. After

2000, the continuous expansion of urbanization caused construction land to replace the original forest and farm-
land. The patterns of farmland as the main land-use type have changed. Thus, the fragmentation degree of the
landscape was getting more and more serious, and the patches were distributed in a balanced trend, but the

patch shapes were becoming more and more complicated.
In consideration of the continuous deterioration of the ecological environment caused by blind development,

the government has implemented a series of ecological engineering constructions since the 1980s, which has
Table 3 | Landscape pattern indices of the landscape metrics level.

Year LPI LSI CONTAG COHESION SPLIT SHDI

1980 24.996 178.049 40.746 99.481 10.301 1.333

1990 25.160 177.766 40.822 99.472 10.396 1.332

1995 25.111 177.300 40.819 99.473 10.390 1.333

2000 25.247 177.829 40.685 99.468 10.435 1.335

2005 25.282 178.094 40.570 99.467 10.454 1.338

2010 25.255 178.309 40.441 99.465 10.486 1.341

2015 25.241 179.545 39.920 99.461 10.545 1.352
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increased the diversity and heterogeneity of landscapes, helped stabilize the area of woodland and grassland,
improved the quality of vegetation, and reduced some negative effects caused by the change of landscape
patterns.

The southern and eastern parts of the study area were rich in landscape types, and the highest SHDI reached
1.605 (Figure 4). The central part was the Sichuan Basin, with plenty of farmland and construction land, and the
western part was an alpine glacier area with low vegetation coverage. Accordingly, the SHDI in the central and
western parts was relatively low. The areas with the highest values of CONTAG and COHESION were located in

the Sichuan Basin and the Qinghai-Tibet Plateau, with the highest values reaching 94.461 and 99.817, respect-
ively. This testified that the landscape was well connected, and the efficiency of information transmission
between landscape patches was higher.

3.2. Spatial distribution of hydrological elements

By analyzing the spatial distribution map of precipitation (PRE) in the study area (Figure 5), it could be seen that

the spatial difference of the annual mean precipitation was pretty distinct, which presented a zonal distribution
on the whole, and the precipitation gradually decreased from the southeast to the northwest. Among all kinds of
land-use types, the annual precipitation of farmland was the highest, and the maximum value reached 1,078 mm

in 1980, followed by construction land and forest. Wetland and desert had the least annual precipitation, with an
average of about 500 mm, only half that of farmland. From 1990 to 2015, the average annual precipitation in the
study area decreased from 913.98 to 850.29 mm, a decrease of 6.97%. Except for forest and construction land, the
annual precipitation of other land-use types showed a slow-growth trend before 2005 and then decreased

gradually.
The ET change rules were quite different under various land-use types. The high-value area of ET was mainly

distributed in the eastern part of the study area, the low-value area was located in the northwest area, and the

difference in ET between the two places reached 700 mm. The ET of farmland and construction land ranked
first, generally around 550 mm, followed by forest and lakes/river, and the ET of wetland and desert was the
lowest, below 200 mm. This might be related to the urban heat island effect caused by rapid urbanization. The

surface temperature of construction land is generally higher than that of other underlying surfaces, which
Fig. 4 | SHDI, CONTAG, and COHESION of the LUCC.



Fig. 5 | PRE, ET, and SW in the study area.

Water Policy Vol 24 No 2, 272
increases the vegetation transpiration and surface evaporation in the city (Shou & Zhang, 2012). In recent dec-
ades, the ET of various land-use types had been decreasing, while this trend was not obvious.

SW decreased from 474.46 mm in 1980 to 400.46 mm in 2015, a decrease of 15.63% (Figure 6). Different types

of SW also changed dramatically during the study period. The SW of forest was the highest and showed a con-
tinuous decline from 1980 to 2015, with the highest value being 525 mm in 1980 and the lowest value being
442 mm in 2015. The SW of construction land declined sharply before 2000, and then gradually increased, but
the increase was not large. From the 1990s to 2005, the SW of grassland, lake/river, desert, and wetland experi-

enced a certain increase, reached the maximum in 2005, and then decreased sharply after 2005. These results
indicated that a close correlation existed between the spatial changes of the main landscape types and the hydro-
logical element changes in the UYRB.

3.3. Correlation between hydrological elements and landscape pattern index

Table 4 displays the relationship between landscape pattern indices and hydrological factors at the landscape
index level over the past 35 years. There was a significant negative correlation between LSI, SPLIT, SHDI,

and ET, and the correlation coefficients are �0.907, �0.763, and �0.911, respectively, which had passed the
0.05 significance test. The positive correlations between CONTAG and ET and between COHESION and SW
were significant, with coefficients of 0.916 and 0.868, respectively. Conversely, SPLIT had a significant negative
Fig. 6 | PRE, ET, and SW of the LUCC.



Table 4 | Correlation between landscape pattern indices and hydrological factors at the landscape index level.

LPI LSI CONTAG COHESION SPLIT SHDI

ET �0.518 �0.907* 0.916* 0.710 �0.763* �0.911*

SW �0.653 �0.526 0.689 0.868* �0.889* �0.729

*Delegates a significantly correlation (P, 0.05).
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correlation with SW with a coefficient of �0.889. The correlations between other landscape indices and hydro-

logical elements were not obvious.
CONTAG and COHESION can reflect the degree of agglomeration and connectivity within the most viewed

types. A low value indicates that the landscape is composed of many discrete small patches; on the contrary, a

high value indicates that the landscape is composed of large patches with higher connectivity (Guo et al.,
2020). Table 4 shows that the reduction of SW and ET has a great impact on the connectivity and spread of
the landscape. As patches continue to merge, the adjacent distance between patches increases, and the spatial
distribution becomes more scattered and fragmented (Zhang, 2018). The decreasing trend of ET is related to

the monitoring ability of vegetation evaporation. The total NPs in the landscape patterns of the watershed
increased, the shape of patches became complex, and the landscape presented stronger heterogeneity on the
whole (Zhao et al., 2019a). SPLIT reflected the degree of separation of different patches, and the decrease of

SW leads to an increase in the degree of separation of patch landscape. SHDI and ET were significantly nega-
tively correlated, indicating that ET had a great impact on landscape diversity and richness.
The correlation between hydrological elements and landscape indices shows that the direction of landscape

type conversion is related to the change of ET and soil water storage variables on the time scale. The process
of water balance could affect the diversity and aggregation degree of various landscape types.
In order to further determine the relationship between landscape patterns and hydrological factors, the

response characteristics of landscape patterns to hydrological factors were analyzed based on the landscape pat-
tern index and spatial distribution maps of SW and ET. Before using spatial analysis tools to extract data, 6,000
points were randomly selected with ArcGIS software to create scatter plots and conduct statistical analysis
(Figures 7 and 8). The landscape index aggregates most in the range of ET of 150–700 mm and SW of

50–1,000 mm. This is because human activities are more frequent in this region. Due to the intensity of human
activities, SHDI and CONTAG are higher, and COHESION is lower.
With the increase of SW, SHDI showed an upward trend, and CONTAG and COHESION displayed a down-

ward trend. However, the changing trend of SHDI, CONTAG, and COHESION with ET was not obvious.
By analyzing the relationship between the landscape index and SW and ET (Table 5), it could be seen that a

certain correlation existed between SW, ET, and the above three landscape indices. The correlation between

SHDI and SW was positive, but the correlation was more obvious in the 1990s and not obvious after that.
Apart from 2005 and 2010, CONTAG, COHESION, and SW in other years were significantly negatively corre-
lated, which demonstrated that landscape connectivity and landscape contagion decreased significantly with the
increase of SW in spatial scale. This might be related to the two severe drought events in the southwest in 2006

and 2009 (Xu et al., 2013; Li et al., 2014). SHDI, CONTAG, and COHESION were positively correlated with ET,
while the correlation was not significant. Also, landscape diversity had a significant negative correlation with
landscape connectivity and landscape contagion, and landscape contagion had a significant positive correlation

with landscape connectivity. A higher degree of landscape contagion indicated the presence of some major
patches in the landscape, leading to higher connectivity between patches.



Fig. 7 | Correlation between landscape pattern indices and ET.
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Fig. 8 | Correlation between landscape pattern indices and SW.
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Table 5 | Relationships between EWRs and landscape pattern indices.

Year Index SW SHDI CONTAG COHESION Index ET SHDI CONTAG COHESION

1980 SW 1 0.254 �0.264 �0.362* ET 1 0.027 0.044 0.016

SHDI 1 �0.634* �0.868* SHDI 1 �0.634* �0.868*

CONTAG 1 0.538* CONTAG 1 0.538*

COHESION 1 COHESION 1

1990 SW 1 0.335* �0.333* �0.333* ET 1 0.02 0.021 0.038

SHDI 1 �0.607* �0.864* SHDI 1 �0.607* �0.864*

CONTAG 1 0.504* CONTAG 1 0.504*

COHESION 1 COHESION 1

1995 SW 1 0.311* �0.376* �0.345* ET 1 0.017 0.022 0.037

SHDI 1 �0.600* �0.861* SHDI 1 �0.600* �0.861*

CONTAG 1 0.498* CONTAG 1 0.498*

COHESION 1 COHESION 1

2000 SW 1 0.309* �0.302* �0.380* ET 1 0.023 0.007 0.001

SHDI 1 �0.599* �0.847* SHDI 1 �0.599* �0.847*

CONTAG 1 0.502* CONTAG 1 0.502*

COHESION 1 COHESION 1

2005 SW 1 �0.039 �0.13 0.01 ET 1 0.023 0.007 0.001

SHDI 1 �0.589* �0.843* SHDI 1 �0.599* �0.847*

CONTAG 1 0.505* CONTAG 1 0.502*

COHESION 1 COHESION 1

2010 SW 1 0.14 �0.252 �0.237 ET 1 0.011 0.026 0.016

SHDI 1 �0.588* �0.843* SHDI 1 �0.588* �0.843*

CONTAG 1 0.507* CONTAG 1 0.507*

COHESION 1 COHESION 1

2015 SW 1 0.248 �0.386* �0.268* ET 1 0.024 0.058 0.026

SHDI 1 �0.590* �0.847* SHDI 1 �0.590* �0.847*

CONTAG 1 0.494* CONTAG 1 0.494*

COHESION 1 COHESION 1

*Delegates significantly correlation (P, 0.05).
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4. DISCUSSION AND CONCLUSIONS

Based on hydrometeorological element data and land-use data, this study looked at the spatial distribution of hydro-
meteorological elements in the UYRB, the spatiotemporal characteristics of land-use and landscape patterns, and

analyzed the correlation between water balance processes and landscape indices from 1980 to 2015. The study of
large-scale and long-termwatershed landscapepatterns cangrasp theoverall conditionof thewatershedandprovide
a certain basis and reference for subsequent research. The main conclusions and discussions are as follows:

(1) Changes of hydrometeorological elements: Climate change plays a key role in the evolution of landscape pat-
terns in the UYRB. The spatial distribution of precipitation varies greatly. Among the various types of land



Water Policy Vol 24 No 2, 277
use, the annual precipitation of farmland is the largest (1,050 mm), followed by forest and construction land.
The changes of ET are not great in the whole study area, but are obvious under different land-use types. The
highest ET was in farmland and building land, which was about 550 mm, and the lowest ET was in wetland

and desert, which was below 200 mm. The soil water storage variable had undergone drastic changes, and the
SW of the forest was the highest, showing a downward trend year by year. The SW of grassland, lakes/river,
desert, and wetland exhibited a fluctuating state of ‘decrease-increase-decrease’. These findings were consist-
ent with previous studies on the variation of hydrological elements in the UYRB (Wang et al., 2010; Wang

et al., 2015). During 1980–2015, both PRE and SW decreased to a certain extent, and both showed a trend
of ‘sudden increase’ in 2005. It can be seen that 2005 is a year with great changes in hydrological elements
in the study area.

(2) Change of landscape pattern: The process of water balance has both positive and negative effects on land-
scape pattern changes. The regions with great hydrological regime changes produced high diversity of
landscape types, but low diversity of ecosystem and community types within the landscape. On the contrary,

the regions with little hydrological regime change and no obvious humidity gradient produced low diversity of
landscape types, but high diversity of landscape internal structure (Liu et al., 2004). Landscape index analysis
showed that the degree of landscape fragmentation of rivers/lakes and construction land in the study area

gradually decreased, the connectivity increased, and the change of construction land was more obvious
than that of rivers/lakes. From the perspective of spatial distribution, the NPs in farmland, forest, and grass-
land was the largest during the study period, and they occupied a dominant position in the study area. With
the decrease of farmland wetland and desert area, construction land and lake/river have different degrees of

expansion. At the landscape structure level, SHDI and SPLIT had increased, indicating that the control
degree of dominant landscape components was weakened. The decrease of CONTAG and COHESION
showed that the degree of patch fragmentation had increased, and the degree of landscape heterogeneity

had gradually increased. The LSI decreased first and then increased, which meant that the fragmentation
of the landscape was getting more and more serious, and the shape of the patches was getting more and
more complicated.

(3) Correlation between landscape indices and hydrological factors: Previous studies have shown that precipi-
tation has a significant effect on vegetation growth and development in arid and semi-arid regions, but the
effect is weak in the humid climate of the UYRB (Guan et al., 2018). Therefore, this study focuses on the
impact of SW and ET on landscape. The distribution of soil water has a great influence on the distribution

of landscape types. And it is affected by the topographic characteristics and the determined hydrological con-
ditions, which creates the difference of landscape types and their zonality. Therefore, the distribution of soil
water has a macroscopic zonality and a microscopic locality (Ma & Zhao, 2007). Liu & Li (2006) pointed out

that the landscape pattern change is related to soil water, soil moisture is the decisive zonal soil water-holding
capacity with appropriate conditions, and other variables related to soil water play an important role in land-
scape structure and dynamic change. At the level of landscape index, the correlation between landscape

indices and hydrological elements was clear, but the degree of correlation was different. On the time scale,
the correlation between hydrological factors and landscape indices was obvious. LSI, SPLIT, and SHDI
were significantly negatively correlated with ET, while CONTAG was significantly positively correlated

with ET. SPLIT had a significant negative correlation with SW, and COHESION had a significant positive
correlation with SW. The results showed that with the decrease of ET and soil water storage variables, patches
became more scattered and landscape patterns became more broken. Moreover, from the perspective of
spatial distribution, SHDI was positively correlated with SW in the 1990s, indicating that the increase in

SW improved landscape diversity. CONTAG and COHESION were significantly negatively correlated
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with SW (except for 2005 and 2010), and the connectivity and cohesion of the landscape decreased with the
increase of SW. SHDI, CONTAG, and COHESION were positively correlated with ET, but the correlation
was not significant. The correlation coefficients between SW and the three groups of landscape pattern

indexes were higher than those between ET and the three, which meant that soil water was more correlated
with landscape pattern characteristics. The change of soil water was the main cause of landscape
heterogeneity.

The idea of the water balance method is to take the ecosystem of the whole study area as a whole and consider
the water balance from the inflow and outflow of the whole water flow (Zhao et al., 2019a, 2019b). This method
analyzes the problem from a macro perspective and takes the ecosystem as the entire research object. The calcu-

lation process is relatively simple, easy to operate, and easy to understand (Yu & Chen, 1996). The whole analysis
involves the following three types of data: precipitation, ET, and soil water storage variable. The calculation of ET
overcomes the shortcoming that the evaporation of land surface is greater than that of precipitation. However,

this method does not consider the influence of factors such as the interception of the canopy litter layer on
the groundwater surface, so the calculation result is not accurate. In the calculation of soil water content,
although the effects of precipitation, evaporation, and topography are considered, the effects of melting snow,

lakes, rivers, and agricultural irrigation are not considered. To improve the accuracy of the calculations, the Stan-
dardized Soil Moisture Index (SSMI) could be introduced to assess the soil water deficit, which had some
inconsistencies with the data used in this study. And the model had been proven to be suitable for assessing
soil water content in the UYRB (Wang et al., 2015).

The decrease of soil water storage variables in the basin will put pressure on the special and complex ecosystem
in the UYRB (Ma & Zhao, 2007). Since ecological processes have obvious spatiotemporal scale characteristics,
the study of the relationship between water balance and ecological processes also provides a scientific basis for

the establishment of the corresponding ecological processes model and scale transformation. At the same time,
the change of landscape patterns in the UYRB may also be influenced by other natural factors (slope, elevation,
etc.) and human activities. The accuracy and comprehensiveness of the index system of driving factors of land-

scape pattern changes need to be improved. How to integrate hydrometeorological conditions and other
dynamic driving factors in the study area to expand the research results in other areas with similar/different
land-use/-cover situations is the focus of further research. With an in-depth understanding of the relationship

between economic development and sustainable utilization of resources, we must pay more attention to different
natural ecosystem landscapes, explore the driving forces of natural landscapes, and put forward effective conser-
vation strategies.
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